To review the findings of structural and functional neuroimaging studies in attention-deficit hyperactivity disorder (ADHD), with a focus on abnormalities reported in brain regions that lie outside the frontostriatal circuitry, which is currently believed to play a central role in the pathophysiology of ADHD.
Recently, the neural basis of nonexecutive cognitive functions and the roles of brain structures outside the frontostriatal circuitry in ADHD have attracted more attention. There is now accumulating evidence of structural and functional abnormalities in nonfrontostriatal brain regions, white matter tracts, and connectivity among brain regions. This article provides a brief overview of structural and functional abnormalities of the frontostriatal circuitry in ADHD and proceeds with a more comprehensive review of structural and functional findings in the nonfrontostriatal brain regions. The discussion of functional connectivity among brain regions in ADHD is beyond the scope of this review.
The Frontostriatal Circuitry
The frontostriatal circuitry, including the DLPFC, VLPFC, dACC, as well as the caudate nucleus and putamen, has been a brain circuitry that has attracted the most attention from the neuroimaging researchers in ADHD. As an in-depth discussion of neuroimaging findings in ADHD relating to frontostriatal circuitry is beyond the scope of our review, we provide a brief overview of major findings to date, highlighting most recent findings. For a more comprehensive discussion of the frontostriatal dysfunction in ADHD, please refer to recent reviews by Bush et al 8 and Paloyelis et al, 9 as well as the meta-analysis by Dickstein et al. 6 
Structural Findings
There is now a wealth of evidence suggesting structural abnormalities in the frontal lobes and striatal structures of people with ADHD (see Seidman et al 15 for a review). The vast majority of volumetric studies found prefrontal volume and cortical thickness reductions in children [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and adults 30, 31 with ADHD. Further, a study examining growth trajectories of cortical thickness in children and adolescents with ADHD 32 reported a delay in cortical maturation in ADHD participants, with the most prominent delay in prefrontal regions. Most studies looking at volumes of striatal structures have reported volume reductions in the caudate nucleus and the pallidum. 18, 20, 25, [33] [34] [35] [36] [37] [38] A recent meta-analysis 39 of the coordinates of grey matter differences identified a significant regional grey matter reduction in ADHD in the right putamen-globus pallidus region.
Functional Findings in Resting State
Earlier functional imaging studies using SPECT and PET imaged cerebral perfusion or cerebral glucose metabolism in the resting state without performance of cognitive tasks in the scanner. [40] [41] [42] [43] [44] and (or) striatal hypoperfusion, 40, [45] [46] [47] although hyperperfusion in both frontal and striatal areas has also been reported. 48 Studies looking at the effects of stimulant medication (MPH) on cerebral perfusion reported predominantly MPH-related increases in perfusion of frontal 49 and striatal regions, 40, 45, 49 although stimulant-related decreases in frontal 48 and striatal perfusion 48, 50 have also been reported. The earliest SPECT studies 40, 45, 46 85 and striatal 57, 68, 83 activity have been reported in the context of tasks of response inhibition and attention. To our knowledge only one study has reported MPH-related decrease in regional cerebral blood flow during a Continuous Performance Task. 86 Although there is now a wealth of evidence showing decreased resting and task-related frontal activity in ADHD, considerable heterogeneity regarding the reported frontal loci of reduced activity should be noted. This heterogeneity may be related to numerous factors, including the sample (for example, children, compared with adults; medicated, compared with unmedicated) and design (for example, blocked, compared with event-related) differences among studies. According to a recent voxel-wise quantitative meta-analysis 6 of fMRI studies, ADHD-related hypoactivation is consistently seen in 3 frontal loci: the ACC, the DLPFC, and the inferior PFC.
Cerebellum
Although the cerebellum has traditionally been thought of as a structure involved primarily in motor control, recent evidence has implicated it in numerous cognitive and affective functions [87] [88] [89] and demonstrated cerebellar-cortical connections with regions involved in higher order cognitive operations, including those of the cerebellum with the PFC. 90 The cerebellum has attracted attention of ADHD researchers owing to its relevance to a wide range of functions thought to be affected in ADHD 18, 91 : temporal information processing, motor sequencing and planning, working memory, shifting of attention, implicit learning, emotional regulation, and executive functions. 89, 90, [92] [93] [94] 
Structural Findings
Some studies have documented structural abnormalities of the cerebellum in ADHD. Most have found reductions in the posterior inferior lobules of the cerebellar vermis (VIII to X) in children, 17, 21, 34, [95] [96] [97] although volume reductions in lobules VI and VII, 96 as well as overall volume reductions in the right cerebellum, 19 have also been documented. The largest structural magnetic resonance imaging study of children with ADHD reported volume reductions in the posterior inferior cerebellar vermis after adjusting for differences in total cerebral volume between the ADHD and the control groups. 98 There is some evidence of a developmental progression of cerebellar volume loss in ADHD into adolescence, with a recent longitudinal case-control study reporting that while ADHD subjects exhibited a nonprogressive volume decrease in the superior cerebellar vermis unrelated to clinical outcome, a group of ADHD subjects with worse clinical outcome also exhibited progressive volume reductions in the inferior posterior cerebellar lobes. 99 Notably, one study reported cerebellar volume reductions in ADHD boys comorbid with ODD and (or) CD, compared with control subjects, but not in noncomorbid ADHD boys, 28 which is relevant given that many studies include ADHD participants comorbid for ODD and (or) CD while excluding participants with other psychiatric comorbidities.
Functional Findings in Resting State
To date, there are relatively few reports suggesting altered resting-state cerebellar activity in ADHD. One study reported resting-state cerebellar hypoperfusion in children with ADHD, 44 though it should be noted that a liberal statistical threshold was used. A few studies have also reported increases in resting-state activity of the cerebellar vermis after MPH administration in children 100 and adults 50, 86 with that, compared with matched control subjects, children and adolescents with ADHD made more errors, especially on trials with unexpected stimulus timing and showed less reaction time benefit with temporally predictable targets. The ADHD group showed decreased cerebellar activity in response to expected (go) stimuli presented at an unexpected time, as well as decreased activity in the ACG in response to stimuli with unexpected identity (no-go stimuli) presented at expected times. The results may point to an ADHD-related deficit in predicting the occurrence of future events, whose likely underlying neural substrate is altered activity in frontocerebellar circuits. Specifically, the authors hypothesized that cerebellar input into prefrontal regions that are involved in prediction of events may be wakened or impaired in ADHD.
Another study from the same group 67 extended these findings, suggesting that cerebellar function is sensitive to familial risk for ADHD. The same paradigm as in Durston et al 58 was used to study neural activity in pairs of boy siblings discordant for ADHD and matched control subjects. This study replicated the behavioural and imaging findings of Durston et al, 58 reporting that the ADHD group had poorer task performance and decreased cerebellar and ACG activity in response to violations of stimulus timing and identity, respectively. Cerebellar and ACG activity, as well as performance, in unaffected siblings of children with ADHD was intermediate, compared with children with ADHD and control subjects.
Earlier fMRI studies not focusing on cerebellar function tended not to include cerebellar regions in their imaging field of view. However, with increasing interest in the role of cerebellum in the pathophysiology of ADHD, fMRI studies have begun to report task-related activations in the cerebellar regions in the absence of a priori hypotheses. Thus decreased activity in the left posterior cerebellum was reported in adults with ADHD, compared with control subjects, during a 2-back working memory task in the absence of performance differences. 102 This finding may be interesting in light of the evidence suggesting cerebellar involvement in working memory. 103, 104 Another report has linked stimulant-related changes in cerebellar activation during a go-no-go task to familial vulnerability to ADHD 57 : in a group of parent-child dyads concordant for ADHD, MPH increased activity in frontostriatal regions and the left cerebellum in children and in striatum and the cerebellum in their parents. The medication also improved performance both in children and in their parents, reducing the reaction time variability and increasing the hit to false alarm ratio. The finding of MPH-related increases in cerebellar activity was interpreted as consistent with earlier findings of MPH-related increases in resting-state cerebellar activity.
50,100
Summary Despite strong and consistent evidence of cerebellar volume reductions in ADHD and recent incorporations of cerebellum into models of pathophysiology of ADHD, 15, 18, 95 ,100 studies of cerebellar function in ADHD are still few. However, the findings of the existing studies are informative and promising. They provide evidence of functional abnormalities of the cerebellum in ADHD and of responsivity of cerebellar activity to stimulant medication, suggest that cerebellar dysfunction may be heritable, and propose that cerebellar dysfunction may underlie the impaired ability of people with ADHD to predict event occurrence, which could in part explain poor behavioural adjustment in the contexts of expectancy violations.
Parietal Areas
There is an emerging interest in parietal function in ADHD, as parietal regions are relevant to attentional functioning, 105 and executive functions are thought to be subserved by a network of regions including parietal structures. [106] [107] [108] In reviewing the literature on parietal findings in ADHD, functional heterogeneity of the parietal lobes should be kept in mind. ADHD-related dysfunction may be found in many of their functional units, including somatosensory cortex, posterior attentional system, sensory integration area, and the dorsal stream of the visual system.
Structural Findings
Some studies have reported evidence of structural abnormalities in the parietal lobes of people with ADHD, although the findings have been somewhat inconsistent. Most studies have reported parietal volume reductions in ADHD including overall volume reductions, 18, 20, 27 as well as reductions in grey matter, 25, 28, 109 white matter, 28 and cortical thickness. 31, 32 However, 2 studies have reported inferior parietal grey matter increases. 26, 110 In addition, Shaw et al 32 reported that cortical thinning in the right posterior parietal cortex (as well as orbitofrontal and inferior prefrontal regions) was associated with the possession of the DRD4 7-repeat allele, which was in turn associated with better clinical outcome and normalization of the right parietal region at 6-year follow-up. All of the above studies, with the exception of Makris et al, 31 have been conducted in children.
Functional Findings in Resting State
Studies of resting-state brain activity have reported hyperperfusion of the somatosensory areas in children 44, 101 and adults 48 with ADHD. Reductions in somatosensory perfusion in ADHD have been reported with MPH administration and treatment. 40, 48, 101 Overall, these findings appear to point to reduced inhibition in sensory areas leading to sensory hyperarousal. 111 In addition, one study reported reduced perfusion in a posterior parietal region following MPH administration in medication-naive boys with ADHD and interpreted the finding as normalization of a putative dysfunction in the posterior attentional system in ADHD.
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Functional Findings During Cognitive Tasks
Numerous task-based functional imaging studies have revealed altered parietal activity in ADHD in the context of numerous cognitive functions: various aspects of inhibition, spatial working memory, response switching, selective attention, attention allocation, alertness, episodic memory, and motor function. Some of these, for example, inhibitory functions and working memory, have been conceptualized both as executive functions subserved by the frontostriatal circuitry and as anterior attentional ("attention for action" 113, p 76 ) functions subserved by a network comprising ACC and the basal ganglia. 113 Others, such as attention allocation, have been more closely linked with the posterior attentional network comprising the superior parietal cortex, the pulvinar, and the superior colliculus. 113 Some studies reporting differences in parietal activity between subjects with ADHD and control subjects have focused on executive function tasks, in particular inhibition. Two event-related fMRI studies looking at performance of a Stop task designed to produce inhibition failures on 50% of the Stop trials reported decreased activation of the precuneus and the posterior cingulate gyrus during inhibition failures in adolescent boys with ADHD, 62 as well as in adolescent boys with CD. 55 Activation of the precuneus, the posterior cingulate, and other temporoparietal areas has been reported during inhibition failures in contro subjects and has been suggested to reflect error detection and subsequently enhanced performance monitoring and attention allocation. 114, 115 Thus the findings of decreased activity of these regions in ADHD may point to a deficit in performance monitoring and (or) attention reallocation networks, which may lead to a reduced capacity to make necessary performance adjustments to avoid future mistakes. Reductions in parietal activity have also been reported during interference suppression in children 78 and during response switching in adolescents with ADHD. 60 The reduced activity of the parietal regions in the context of these tasks may indicate abnormality in neural activity subserving visuospatial attentional processing, as executive tasks used in both studies 60, 78 relied on visuospatial cues.
Three studies reported reduced activity in temporoparietal regions during performance of the oddball tasks in boys with ADHD: 2 using the visual version 116, 117 and one using the auditory version of the task. 75 The reported loci of reduced activity included the parietal association cortex, right precuneus, posterior cingulate, left inferior parietal lobulesupramarginal gyrus, and the posterior portion of the left superior temporal gyrus. Together, these results point to abnormalities in regions subserving attentional functions. Reduced activity of parietal regions has also been reported during tasks requiring other aspects of attentional processing, such as visual selective attention, 64 target detection, 74 mental rotation, 82, 118 and backward digit span. 84 Reduced parietal activity in ADHD subjects was also noted during performance of a motor task. Mostofsky et al 119 reported decreased activation of the right superior parietal lobe in children with ADHD during a sequential fingertapping task, which was interpreted as suggesting deficient engagement of the parietal system in mapping of movements in personal space. 105, [120] [121] [122] Finally, evidence of compensatory parietal recruitment in the face of frontal deficits has been reported. Durston et al 61 found reduced activity in the ventral PFC and the inferior parietal lobule on no-go trials both in children and adolescents with ADHD and their unaffected siblings. While for control subjects, successful inhibition on no-go trials was correlated with activation of the inferior frontal gyrus, for subjects with ADHD, successful performance was correlated with activation of the inferior parietal lobule, potentially suggesting a compensatory use of this structure for enhanced recruitment of attentional processes (for example, amplification of attention to the targets) in the face of inhibitory deficits. Epstein et al 57 reported increased activations in nonfrontostriatal areas, including the left inferior parietal lobule, during a go-no-go task in ADHD adults. Given the lack of performance differences between ADHD and control groups, the finding is interpreted as evidence of compensatory parietal recruitment in the face inhibitory deficits. Krauel et al 80 reported evidence of compensatory parietal recruitment during stimulus encoding in an episodic memory task. Successful encoding was associated with activation of the ventral ACC in control subjects, but with activation of the superior parietal lobule and precuneus in subjects with ADHD. While ventral ACC activation in control subjects could be indicative of cognitive control and elaboration of the encoding process, subjects with ADHD might have recruited parietal regions to compensate for the hypofunction of the ventral ACC through engagement of visuospatial attention and (or) feature-based processing of the stimuli.
Summary
To summarize, there is some evidence of reductions in parietal volume and cortical thickness in ADHD. At rest, studies have most consistently reported hyperperfusion of the somatosensory areas, which could lead to sensory hyperarousal. 111 Task-based activation studies have suggested alterations in parietal activity underlying numerous attention-related functions, such as performance monitoring, attention reallocation, and visuospatial attention, as well as motor mapping in personal space. Conversely, there is some evidence of compensatory recruitment of parietal structures in ADHD, in the face of frontal-anterior cingulate deficits.
Temporal Areas
The temporal lobe may be of interest in ADHD research because of its role in auditory processing of linguistic information, as linguistic skill impairments have been reported in ADHD. 123, 124 Further, temporal subcortical structures, such as the amygdala and the hippocampus, may be involved in processing of reward information, 125, 126 and people with ADHD may have altered responsivity to rewards and punishments.
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Structural Findings
Several structural imaging studies have documented decreases in temporal lobe total volume, 27, 98, 109 as well as decreases in grey matter volume 110 and cortical thickness 32 in children and adolescents. Correlations between temporal (as well as frontal) grey matter volume and parent-and teacher-rated ADHD symptom severity in children have also been noted. 18 A study 128 investigating the morphology of temporal subcortical structures found enlargements of the hippocampus (especially the head) in children with ADHD. Given the role of the anterior hippocampus in encoding temporal relations between sensory experiences and definition of the serial ordering of events, [129] [130] [131] hippocampal enlargement in ADHD was interpreted as a compensatory neuroplastic response to disturbances in time perception and temporal processing. 7, [132] [133] [134] In addition, the volume of the basolateral amygdala was found reduced in the ADHD subjects, which was interpreted as a neural correlate of deficits in valence attribution to sensory stimuli and development of normal fear responses. These deficits may result in a disruption of emotional learning and formation of an affective drive to sustain attention to otherwise uninteresting stimuli.
Functional Findings in Resting State
Relatively few studies have reported abnormalities in temporal lobe function of ADHD subjects at rest. Two studies reported hypoperfusion in the right middle temporal gyrus, 44, 101 as well as hyperperfusion of occipitotermporal higher visual processing areas in children. 101 The hyperperfusion of the occipitotemporal regions was hypothesized to be related to the increased reliance of subjects with ADHD on visual processing. Lee et al 101 also reported reductions in regional cerebral blood flow in higher visual occipitotemporal regions bilaterally after a month of MPH treatment, including a further reduction in perfusion of the right middle temporal gyrus. However, perfusion in the temporal cortex was reported to be inversely correlated with the degree of cognitive and motor impairment in children with ADHD. 135 At the subcortical level, adolescent girls with ADHD were reported to have higher normalized glucose metabolism in the hippocampus than control subjects.
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Functional Findings During Cognitive Tasks
Some studies have reported reduced temporal activations in ADHD subjects, compared with control subjects, likely related to linguistic processing. Two studies suggested impairments in recruitment of left temporal regions for linguistic processing in adult males 73 and children with ADHD 78 in the context of cognitive tasks (inhibition and working memory) whose performance was likely verbally mediated. Another study 83 reported that adolescents with ADHD had reduced activation of the middle temporal gyrus-a region thought to be involved in mediating attentional processing of the verbal auditory stimuli-during a divided attention task with one stimulus in the visual and the other in the auditory modality.
Other studies have documented decreased activity in temporal regions unrelated to linguistic processing. Reduced activation of the left hippocampal gyrus and left insula during performance of a decision-making task requiring weighing short-term rewards against long-term losses was reported in adults with ADHD in the absence of performance deficits. 79 Reduced activity of the temporal lobes, reaching subcortically into the insula and the right basal ganglia was reported in boys with ADHD during performance of an oddball task and interpreted as evidence of temporal lobe abnormalities underlying attention allocation to rare, infrequent targets. 117 Reduced activation of temporal lobes was also reported in adolescent boys with ADHD during performance of a response switching task 60 in the absence of performance deficits. Finally, reduced cerebral glucose metabolism in the right posterior temporal lobes during performance of an auditory continuous performance task was found in adolescents with ADHD after normalization for global decrements in glucose metabolism. 53 Conversely, some studies have reported evidence of compensatory recruitment of temporal areas by subjects with ADHD. Adolescents with ADHD showed increased activation of the left middle and superior temporal gyri during a go-no-go task Most neuropsychiatric comorbidities were excluded; ADHD subjects with comorbid CD and (or) ODD were excluded.
All ADHD subjects had been on stimulants between 1 and 3 years; medication was withheld for at least 48h prior to scan.
During a visual selective attention task, ADHD subjects showed reduced activation in a small area of the superior parietal lobule.
Mostofski et al 119
Children: 11 ADHD (11) Most neuropsychiatric comorbidities were excluded; 1 ADHD subject had comorbid ODD; ADHD subjects with comorbid CD were excluded.
8 ADHD subjects were treated with stimulants; medication was withheld 24h prior to scan.
During a finger-tapping task, ADHD subjects showed decreased activation of the right superior parietal lobe.
Rubia et al 62 Adolescent boys: 16 ADHD (21) Most neuropsychiatric comorbidities were excluded; 5 ADHD subjects had comorbid CD.
All ADHD subjects were stimulant-naive prior to scan.
During a Stop task, ADHD subjects showed decreased activation of the right inferior PFC during successful inhibition and decreased activation of the precuneus and the posterior cingulate gyrus during inhibition failures.
Silk et al 118 Adolescent boys: 7 ADHD-C (7) Most neuropsychiatric comorbidities were excluded; ADHD subjects with comorbid CD were excluded.
ADHD subjects performed more poorly on a mental rotation task and showed decreased task-related activity in the action-attentional system and reduced activity in the superior parietal and middle frontal areas.
Vaidya et al 78
Children: 10 ADHD-C (10) Most neuropsychiatric comorbidities were excluded; ADHD subjects with comorbid CD and (or) ODD were not excluded.
7 ADHD subjects were stimulant-naive; 1 underwent a 4-week and 2 underwent a 36-h washout prior to scan.
ADHD subjects showed weak right parietal activity, compared with control subjects; better interference suppression in ADHD subjects was correlated with activity in the medial bank of the left superior parietal sulcus.
Durston et al 61
Children and adolescents: 10 ADHD-C, 1 ADHD-H, and 11 siblings (11)
Most neuropsychiatric comorbidities were excluded; 3 ADHD subjects had comorbid ODD.
6 ADHD subjects were on stimulants; stimulant treatment was discontinued for at least 24h prior to scan.
During a go-no go task, ADHD subjects and their unaffected siblings showed reduced activity in the ventral PFC and the inferior parietal lobule on no-go trials, compared with control subjects.
Smith et al 60
Boys: 11 ADHD-C (27) Most neuropsychiatric comorbidities were excluded; 5 ADHD subjects had comorbid CD.
During a switch task, ADHD subjects showed reduced activation of the right parietal lobe, as well as prefrontal and temporal areas.
Tamm et al 116 Adolescent boys: 14 ADHD (12) Most neuropsychiatric comorbidities were excluded.
5 ADHD subjects treated with stimulants underwent an 18-h washout period prior to scan.
During an oddball task, ADHD subjects performed more poorly than control subjects and showed reduced activity in the parietal association cortex, right precuneus and thalamus.
continued ADHD subjects treated wtih stimulants underwent a washout period prior to scan; subjects had to be free of neuroleptic medications for 6 months prior to study.
During a go-no-go task, both parents and youths showed attenuated activity in frontostriatal regions; parents with ADHD showed increased activation in the left inferior parietal lobule.
Hale et al 84 Adults: 10 ADHD (10) Most neuropsychiatric comorbidities were excluded.
4 ADHD subjects had been treated with stimulants; all subjects were medicationfree for at least 2 weeks prior to scan.
During a forward digit span task, ADHD subjects showed greater activation than control subjects in left hemispheric linguistic processing areas and increased activation of right frontal and parietal regions, the latter not found during the backward digit span task.
Krauel et al 80 Adolescent boys: 6 ADHD-C, 5 ADHD-I, 1 ADHD-H (12) Most neuropsychiatric comorbidities were excluded; 3 ADHD subjects had comorbid ODD and 2 had comorbid CD.
5 ADHD subjects were on stimulants; treatment was discontinued at least 24h prior to scan.
Successful encoding for neutral stimuli was associated with activation of the superior parietal lobule and precuneus in ADHD subjects.
Rubia et al 117
Adolescent boys: 17 ADHD (18) Most neuropsychiatric comorbidities were excluded; some ADHD subjects had comorbid CD and (or) ODD.
All ADHD subjects were stimulant-naive prior to study.
During an oddball task, ADHD subjects showed reduced activity in the posterior cingulate, superior and middle temporal cortices, right basal ganglia.
Stevens et al 75
Adolescents: 23 ADHD (23) Most neuropsychiatric comorbidities were excluded.
22 ADHD subjects were treated with stimulants; all subjects underwent a 24-h washout prior to scan.
ADHD subjects showed reduced activity in the left inferior parietal lobule, supramarginal gyrus, and the posterior portion of the left superior temporal gyrus in response to oddball stimuli.
Vance et al 82
Boys: ADHD-C (12) Most neuropsychiatric comorbidities were excluded; ADHD subjects with comorbid CD were excluded.
During a mental rotation task, ADHD subjects showed reduced task-related activity in the right cuneus and precuneus, right inferior parietal lobe, and right caudate nucleus.
Cao et al 74 Adolescent boys: 7 ADHD-C, 5 ADHD-I (13) Most neuropsychiatric comorbidities were excluded; 5 ADHD subjects had comorbid ODD and 2 had comorbid CD.
9 ADHD subjects were stimulant-naive and 3 were withheld from stimulants at least 2 weeks prior to scan. During a target detection task, ADHD subjects showed reduced activity in the inferior parietal lobe and precuneus, as well as middle and superior frontal gyri and putamen.
Rubia et al 55 Adolescent boys: 20 ADHD, 13 CD (20) Most neuropsychiatric comorbidities were excluded; ADHD subjects with comorbid CD and (or) ODD were excluded; CD subjects with comorbid ADHD symptoms were excluded.
ADHD subjects were stimulant-naive.
Reduced activity in the left DLPFC in ADHD and reduced posterior cingulate activity both in ADHD and in CD during response inhibition failures; reduced activity in temporoparietal regions during inhibition failures in CD.
in the presence of a decreased activation of the anteriormid-cingulate cortex extending to the supplementary motor area, as well as performance deficits. 66 The authors suggested that the increased temporal activation in the ADHD group might have been due to the use of verbally mediated strategies, such as verbal rehearsal of instructions to enhance task performance. 137, 138 Increased activation in the left hemisphere occipitotemporal regions was reported in adults with ADHD during performance of forward and backward digit span tasks, which the authors hypothesized to reflect an alternative cognitive means of performing the tasks by participants with ADHD. 84 Increased activation of the middle temporal areas was reported in boys with ADHD, during mental rotation along with decreased activity in a few regions implicated in control of attention and spatial manipulation. 118 The increased temporal activity could be a correlate of a more object-based approach to the mental rotation task in ADHD participants in the face of spatial deficits (suggested by poorer task performance). Finally, higher perfusion in the right middle temporal gyrus during Continuous Performance Test was found in the group of boys with ADHD with risk alleles for ADHD at both DRD4 and dopamine transporter DAT1 (dicarboxylateamino acid cation sodium transporter) loci, compared with boys without risk alleles at both loci. 139 Increased recruitment of the middle temporal gyrus by the group with 2 risk alleles may be compensatory for a putative deficit resulting from the interaction of the 2 dopaminergic genes.
Summmary
There appears to be some evidence both of dysfunction and of compensatory use of the temporal lobes in ADHD. Structural studies have mostly revealed temporal lobe volume reductions in ADHD; however, hypertrophy of the anterior hippocampus has also been reported, which may represent a compensatory response to disturbances in time perception and temporal processing. Resting-state studies have reported not only reduced perfusion of the middle temporal gyrus but also hyperperfusion of the occipitotemporal regions, possibly owing to increased reliance of people with ADHD on visual processing. Functional task-based imaging studies have suggested a diminished ability of people with ADHD to recruit temporal regions for language-based processing, attention allocation to rare stimuli, and complex cognitive-emotional processing. On the other hand, some studies have suggested that people with ADHD may recruit temporal regions in an attempt to compensate for other deficits in brain function and performance. Temporal lobe dysfunction in ADHD (with the exception of subcortical finding reviewed above) could potentially be attributed to a delayed maturation of the temporal lobes in ADHD.
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Conclusions
Although there is strong evidence suggesting that frontostriatal dysfunction is central to the pathophysiology of ADHD, there is now growing evidence of dysfunction in regions outside the frontostriatal circuitry, including the cerebellum and the temporoparietal lobes. The primacy of executive function deficits in ADHD has recently been challenged. [141] [142] [143] Castellanos et al 143 proposed an integrative model of ADHD emphasizing interactions between parallel processing pathways-nonreciprocal pathways consisting of striato-nigral-striatal and thalamo-cortico-thalamic networks. Although direct parallels between this model and neuroimaging findings reviewed here cannot be presently made, it appears that the neuroimaging findings implicate distributed neural substrates rather than a single one.
The cerebellum is being increasingly incorporated into models of the pathophysiology of ADHD as a candidate neural substrate of temporal-processing deficits. 98, 100 Neuroimaging literature strongly implicates the cerebellum in the pathophysiology of ADHD, although imaging studies of cerebellar function are still few. Presently, the literature suggests that cerebellar dysfunction in ADHD may underlie the impaired ability to predict event occurrence, possibly as a result of weakened cerebellar input into the PFC. 58 As links between the cerebellum, the prefrontal cortex, and the basal ganglia have been demonstrated, 144 this could be indicative of a circuit-wide dysfunction resulting in cognitive deficits.
There is now substantial evidence implicating parietal structures in the pathophysiology of ADHD in relation to attentional functions. Many of the studies reporting abnormal parietal activity we reviewed were not designed to tap into parietal dysfunction in ADHD, and a systematic examination of attentional networks in ADHD has not yet been undertaken. Future studies may wish to address the function of attentional networks by using tasks designed to study attentional networks in control subjects, such as tasks requiring covert orienting of attention and using cueing paradigms. 105, 113 The noradrenergic system has recently been recognized as playing a role in the pathophysiology of ADHD, 145 and future imaging studies of the noradrenergic system (once the necessary radiopharmaceuticals become available) may provide additional insights into the function of the posterior (noradrenergic) attentional system in ADHD.
Although there is some evidence of temporal lobe abnormalities in ADHD, the evidence is not as strong as that of cerebellar or parietal dysfunction. Existing task-based imaging studies reporting differences in temporal activity between ADHD subjects and control subjects have either pointed to 1) a diminished ability of ADHD participants to recruit temporal regions for execution of subordinate functions necessary for task performance, or 2) compensatory recruitment of 
Most neuropsychiatric comorbidities were excluded; ADHD subjects with comorbid CD and (or) ODD were not excluded.
8 ADHD subjects were treated with MPH and 4 reported a history of MPH therapy.
ADHD subjects performed more poorly and showed decreased task-related basal ganglia activity, compared with control subjects, which was increased by MPH. Also, ADHD subjects recruited the middle temporal gyrus significantly less than control subjects, with no direct effect of MPH on this region.
Tamm et al 66 Adolescents boys: 10 ADHD-C (12)
Most neuropsychiatric comorbidities were excluded.
5 ADHD subjects treated with stimulants; all subjects underwent an 18-h washout period prior to scan.
ADHD subjects performed more poorly on a go-no-go task and showed decreased task-related activity of the mid-ACC and increased activity of the left middle and superior temporal gyri.
Silk et al 118 Adolescent boys: 7 ADHD-C (7)
Most neuropsychiatric comorbidities were excluded; ADHD subjects with comorbid CD were excluded.
During a mental rotation task, ADHD subjects performed more poorly and showed decreased task-related activity in some regions implicated in attention and spatial manipulation, as well as greater activity in the middle temporal areas, compared with control subjects.
Szobot et al 139 Male children and adolescents: 34 ADHD Most neuropsychiatric comorbidities were excluded; ADHD subjects with comorbid disruptive behaviour disorder were not excluded.
ADHD subjects using any psychotropic medication in previous 6 months were excluded.
ADHD subjects with alleles associated with risk for ADHD at both DRD4 and DAT1 loci showed higher perfusion in the right middle temporal gyrus, compared with ADHD subjects without risk alleles at both loci.
continued the temporal lobes. The former conclusion does not posit a deficit in temporal lobe function, per se, but rather a deficit in effective recruitment of those regions, which could be consistent with executive dysfunction. The notion of compensatory recruitment of the temporal lobes is intriguing and resonates with recent consideration of the role of neural compensation in the pathophysiology of ADHD. 146 To summarize, although most of the neuroimaging research implicates the frontostriatal circuitry in pathophysiology of ADHD, there is now considerable evidence suggesting involvement of other structures, such as the cerebellum, parietal, and temporal lobes, consistent with recent models emphasizing involvement of more than a single circuit. More research is needed to elucidate the nature of contributions of nonfrontostriatal regions to the pathophysiology of ADHD.
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7 ADHD subjects were stimulant-naive; medication was withheld for 4 weeks for 1 and for 36h for 2 of the remaining subjects.
During a flanker task, ADHD subjects had poorer interference suppression, compared with control subjects, associated with a reduced activation of frontal, striatal, temporal, and parietal regions.
Smith et al 60 Adolescent boys: 14 ADHD (27) Most neuropsychiatric comorbidities were excluded; 5 ADHD subjects had comorbid CD.
During a switch task, ADHD subjects showed reduced activation of temporal, prefrontal, and right parietal lobes.
4 ADHD subjects treated with stimulants; all subjects underwent a 24-h washout at least 2 weeks prior to scan.
During both forward and backward digit span tasks, ADHD subjects showed greater activation in the left hemisphere occipitotemporal regions, compared with control subjects.
Rubia et al 117 Adolescent boys: 17 ADHD-C (18) Most neuropsychiatric comorbidities were excluded; 5 ADHD subjects had comorbid CD.
Reduced activity in the posterior cingulate cortex, basal ganglia, and the superior temporal lobes in ADHD subjects.
